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SECTION 1.0

INTRODUCTION AND SUMMARY

A need exists for electromagnetic windows which have the following attributes:

(i) Multiple transmittance band passes and minimal temperature sensitivity of
associated properties.

(ii) Increased thresholds for impact damage and erosion.

(iii) Improved resistance ,o the development of thermal stress.

(iv) Increased refractoriness and strength retention at high temperature.

A material which appears intrinsically to satisfy these property requirements is silicon ni-

tride. During the first and current phase of a planned three-phase ONR program, the feasi-

bility of synthesizing free-standing plate and figured geometries of phase-pure silicon nitride

by the chemical vapor deposition (CVD) method has been demonstrated. Physical property

measurements on these deposits performed at various stages of process development have

continued to reinforce original expectations that the CVD form of Si 3 N4 possesses many

unique properties which could alleviate potential material problems on advanced missile

systems.

Two processes have been identified which produce near theoretically dense (> 99%) a -Si3 N4

deposits in a hot wall reactor. Conditions for each of these processes are described in Sec-

tion 2.0. Similar deposits have also been formed in a cold wall reactor, however, of con-

siderably smaller surface area, but with significantly higher deposition rates (-2mm/hr).

Processing studies conducted in the cold wall reactor during the latter phase of the current

program indicated that further research focussing upon the role of additives to control the

nucleation step could be the key to microstructural control during deposition. The rather

surprising result to date is the similarity in microstructures between most depositions in

either the hot wall or cold wall reactors, suggesting that the required intervention in the

deposition process (to control and vary microstructure) must take place at the nucleation

step through the use of selected additives. This will be elaborated upon in Section 2. 0.
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Property characterizations during this contract period have been broadened in scope including

some high temperature measurements of critical mechanical, thermal and electromagnetic

properties. Flexure strength data on both hot- and cold-wall reactor deposits yielded three-

point moduli of ruptures in the 200 to 300 MPa range. These strength levels are comparable

to those currently obtained on reaction-sintered Si N . Elevated temperature measurements
0

on CVD a -Si3N 4 show only a slight decrease with temperature up to 1400 C in contrast to

the rapid decrease in strength of hot-pressed modifications which utilize densification addi-

tives to achieve consolidation. For example, at 1400 0 C, CVD a -Si3N 4 deposits retain 76

percent of their room temperature strength compared to only 33 percent for hot-pressed

SI3 N4*.

Microstructural investigations of flexure specimens uncovered a grain size:strength correla-

tion following the classical Hall-Petch relationship over a grain size range of 16 to 34 microns.

Extrapolation of this data to smaller grain sizes typical of hot pressed modifications (1-2

microns) indicated that a strength potential of 1110 MPa may be achievable if grain size re-

duction can be achieved through control of the nucleation and grain growth kinetics during

deposition. Fracture toughness measurements fall between reaction-sintered and hot pressed

Si 3 N4 ; however, the Vickers hardness levels of CVD a -Si3N 4 are significantly greater than

either commercial modification. Fracture mechanics analyses of mechanical property data

identified a critical flaw size responsible for failure of about 39 microns which was found to

correlate with observed microcrack networks in the deposit volume. Elimination or reduc-

tion in the size of these defects would lead to significant strength impi ovements. Fracto-

graphic examination of flexure specimens indicate cleavage as the dominant fracture mode

with a minor fraction possibly attributable to grain boundary decohesion. The dominant

fracture path is transgranular with additional areas showing features attributable to imperfec-

tions (microcracks) and changes in crystal orientation.

Electromagnetic property data continue to reinforce expectations for a high performance

multimode window. Invariancy with temperature of electromagnetic energy transmittance in

the infrared and microwave band passes, is a major attribute of CVDa -Si N . The issue of

imaging potential in the visible-infrared band pass remains and will be addressed more com-

prehensively during the next contract phase. Window applications, nowever, have been identi-

fied where the diffuse nature of its current transmittance function is not a disadvantage.
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Electrical property measurements indicate that CVD a -St 3N4 is an excellent high-temperature

insulator. Electronic band gap measurements range from 4 to 5 electron volts and appear to

correlate with color of deposit. It has also been discovered that CVD a -Si 3N4 exhibits

fluorescence whose intensity and spectrum correlates with color of the deposit. Neutron

activation analyses of such deposits show a correlation of color with oxygen content: being

least with dark brown deposits and greatest with water clear. Conversely, amorphous

deposits do not fluoresce and contain the highest oxygen impurity level. X-ray diffraction

analyses of brown and water clear deposits indicate lattice shrinking with increased oxygen

impurity level suggesting a finite solubility of atomic oxygen in thea-Si N lattice by a sub-
3 4

stitution or interstitial mechanism.

The remaining sections of this report will describe in detail the status of processing research

and physical property characterizations at the conclusion of this reporting period.
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SECTION 2.0

PROCESSING RESEARCH

2.1 DEPOSITION STUDIES

The formation of silicon nitride from the vapor phase was studied under a variety of condi-

tions, using different silicon-containing precursors and reactor geometries, to determine

the influence of deposition parameters on crystallite size, morphology and deposition rate.

Geometries include a cold-wall, flat plate reactor (CW) and 4-inch and 1-inch diameter hot

wall furnaces (HW-4) and HW-1), respectively. Parametric variations included:

Temperature: 1425-15000 C (HW-1 and CW),
RT (CW), 1400-1480 0 C (HW-4)

Pressure: 1-15 torr (HW-1 and HW-4)
40 torr (CW)

Flow Rate: 1100-3600 cc/min (HW-4)
178-1830 cc/min (CW)
1100-1200 cc/min (HW-1)

Silicon/Nitrogen Feed Ratio: 0. 65-1. 9 (HW-1)
0. 23-1.9 (HW-4)
0.66-13.6 (CW)

Precursors: SiCl 4 , HSiCL3 , H2 SiCI 2 (CW)
SiCI 4 , SiF 4 (HW-1, HW-4)

Other: With, without H2 (HW-i, HW-4)

Helium Diluent (CW)

2.2 REACTOR GEOMETRY

2. 2. 1 Hot Wall Reactors (HW-1, HW-4)

These consist of vertical, tubular, resistant-heated graphite furnaces in which the feed gases

are mixed in the bottom of the deposition zone and pumped past the heated graphite surfaces
on which deposition occurs. In 11W-1 a 1. 27°cm 2 x 20 cm long graphite channel comprised

the deposition surface, while in HW-4, because of its larger diameter, both square and

hexagonal boxes, containing one and two flat, vertical, or flat horizontal plates could be

2-1



used. A dome shaped internal mandrel was also used. The reactor systems are equipped

with mass- and volume flowmeters for metering the reaction gases and appropriate traps

and pumping equipment.

The substrates were made of ATJ graphite which could be burned away to obtain free

deposits. In HW-1, a Grafoil® liner was used on the 1.27 cm x 1.27 cm channel which

enabled it to be reused in some cases.

Figure 2-1 shows the HW-1 and HW-4 reactors.

2.2. 2 Cold Wall Reactor (CW)

The cold wall reactor was designed after that of Niihara and Hirai (Ref. 2-1) with certain

modifications. An additional viewport was added to permit visual observation of the flow

patterns at the deposition surface during formation of the deposit. A retractor assembly

was also constructed which permitted the graphite deposition surface to be stretched flat

again after it had bowed because of thermal expansion on heating. Figure 2-2 shows the

cold wall reactor as well as the electrode assembly.

Residence time of the gas mixture in the hot zone as well as its velocity are determined by

the internal gpometry of the deposition furnace, as well as by the experimental temperature

and pressure. Figure 2-3 illustrates this for HW-4 and CW under a typical set of condi-

tions, assuming no volume change as a result of the reaction, which will be discussed

separately.

2.3 EXPERIMENTAL DATA

In most of the experiments, the Si/NH3 ratio was kept on the high side for two reasons -

to minimize formation of Si-N polymeric species which form through gas phase collision

and to reduce corrosion of the graphite components by ammonia. In the former, it was

expected that grain size might thereby be kept smaller. Corrosion of the graphite was

noticeably reduced in the CW experiments, although it is believed that ratios of Si/N some-

what less than 1 could be tolerated.

2.3.1 HW-1 Runs

Table 2-1 summarizes the data regarding experiments in HW-1. Most of these deposits

appeared to be mixed, i. e., consisting of both amorphous and crystalline material, except
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where the Si/N ratio and or pressure was low ( ~ 1.1 - 1.2). The deposits showed a typi-

cal CVD deposition pattern, reflecting a short period of heating and initiation of deposition

species at the inlet of the deposition zone, prior to development of maximum thickness.

Figures 2-4(A) thrugh 2-4(E) summarize deposition profiles obtained in this series of runs.

Figures 2-4(F) and 2-4(G) show typical crossections of banded deposits and deposits which

showed transitions from amorphous to crystalline morphologies, respectively. Figure 2-5

relates maximum deposit thickness (mm/hr) to the Si/NH3 ratio and shows that at high

Si/NH3 ratios, growth rates are high (and densities low since these were largely amoc-

phous deposits), with the exception of run HW-1-74 in which no hydrogen was included be-

yond what was generated by the dissociation of ammonia. Here, deposition rate of a

crystalline deposit was substantially the same as for low ratios of Si/NH3 (HW-1-63, 65)

where hydrogen was added. This will be discussed again later, but it opens the question of

the existence of more than one deposition sequence, i. e.,

NH 3
1) SiC14--- [Si(NH)2] x-- .Si3N 4 as well as

NH 3

2) 3SiCI + 6H --- 3i + 6 HC - Si N
4 2 (V,l1) 3 4

pressure may play a part in shifting the deposition sequence from reaction (1) to reaction

(2) since residence times become longer, and the number of collisions greater. Thus, at

the high H2 /SiC1 4 ratios us ed, more of the Si 3 N4 produced could result from nitriding of Si

in the gas phase rather than formation from amminated silicon intermediates. At 15 torr

(Run HW-1-69) for example, the deposit was powdery, indicating a high degree of gas

phase nucleation. However, there does not appear to be elemental silicon present to a

significant extent in the deposit, since the growth rate appeared to be limited by the amount

of nitrogen available and since conversion of both silicon and nitrogen was always in the

anticipated 4/3 ratio, even at high Si/NH3 ratios.

As has been experienced in studies on this program, and others the use of SiF 4 in the place

of SiC14 led to a significantly reduced growth rate and deposit weight. This is not un-

expected in view of the much greater stability of the fluorinated silicon compounds SiF 4

and SiF 2.

2-3
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2.3.2 HW-4 Runs

Depositions in HW-4 were carried out over a longer period of time, primarily to obtain

material for characterization. Deposition rates can be expected to be lower since the

ratio of total material fed to available deposition area is also much lower. Table 2-2 lists

the data as well as the geometries used. The latter are illustrated in Figure 2-6.

It is again clear in these runs that the deposition rate in the fluoride system is far lower than

in the chloride. It is also observable that total feed rates similar to those used in HW-1

runs, led to crystalline rather than amorphous deposits, even at relatively high Si/NH3

ratios, (e. g., 1. 37). At high ratios, banding and mixed deposits were obtained. In

Run HW-4-81, (from the earlier study, Ref. 3-1) in which a dome was fabricated, the low

Si/NH3 ratio (0. 23) led to large grained crystals which built up to leave a very knobby

surface on which it was difficult to measure a thickness. However, the deposit was dark

and entirely crystalline as has come to be expected under these circumstances.

An oxygen containing additive, nitrous oxide (N2 0), was used in Run HW-4-149 in an effort

to modify grain size. The result was a mixed amorphous/crystalline deposit, with the

former predominating in the lower or entry region of the deposition zone.

Properties and characteristics of these deposits are discussed in Section 3. 0 of this report.

2.3.3 CWRuns

Experiments were planned in the cold wall reactor to examine certain features of the depo-

sition process which are not readily approached in hot wall reactors. These include:

a) Si/NH3 ratio; b) Si/NH3 concentrations at equivalent total feed rates; c) temperature

under otherwise identical conditions; d) total gas velocity variation; and e) the use of less

than fully chlorinated silanes as precursors. Other experiments included deposition of

reactive intermediate species at room temperature for subsequent characterization and the

effects of mixing and distance of the gas inlet from the deposition plate. Specimens were

taken from various deposits for strength measurement and characterization.

2. 3. 3. 1 Temperature Variation

Table 2-3 lists the conditions used and data obtained on material deposited at various

temperatures; Figure 2-7 shows the variation in growth rate with temperature. The data
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are too few to correlate with reciprocal temperature for computing an accurate activation

energy - however an estimate in the vicinity 50 Kcal/mole up to 14500 C, is in general

agreement with results obtained by Niihara and Hirai (Ref. 2-2).

As shown in Table 2-3 and described in Section 3. 0, modulus of rupture values were low for

banded deposits made at lower temperatures, while deposits prepared at higher tempera-

tures had near theoretical densities and MOR values equivalent to materials made in hot

wall reactors.

Figure 2-8 shows surfaces of the deposits prepared in this series of experiments. Note the

disappearance of vitreous material as temperature is increased above 14500 C. Cross

sections of Runs CW 14-16 showed considerable banding.

Figures 2-9 and 2-10 are SEM views of the last deposited surface and fracture surface of

a flexure bar cut from Run CW-15 (TDEP = 14250 C). Figure 2-9 shows the fracture edge

(tensile side) and the break traversing some of the major conical features, while in Figure

2-10, several bands can be seen, within which are numerous vertical cracks.

2.3.3.2 Flow Variation

Experiments were conducted in which the Si/NH3 ratio was kept constant and the total flow

varied by using helium as an additional carrier. Table 2-4 lists the experimental conditions

and observations, while Figure 2-11 shows the deposit surfaces. From the appearance of

the deposits, it is clear that as the reagents became more dilute, and the time of transit

through the hot zone shorter, the deposition process became increasingly dominated by the

nucleation step. The appearance of whiskers as shown in Figure 2-12 and very fine grain

material in the first deposited layer predominated in all cases except where the gas flow

was so slow that buoyancy forces dominated and very little of the gas reached the substrate.

The use of a lower flow rate (Run 43), with no dilution produced the finest grain deposit -

all runs which were more highly diluted, or fed at higher velocity led to whisker growth.

Run CW-43 does suggest that a more precise balance of flow rate, stoichiometry and dilution

could produce a fine grained deposit in the current reactor. Since this balance depends to

a great extent on the reactor geometry and balancing of buoyancy and gravitational forces,

it does not seem likely that it could be translated directly to another geometry. It does
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indicate however, that grain size alteration can be achieved in this manner, and that a

proper balance for a given reactor could lead t o a stronger, finer grain deposit.

2. 3. 3.3 Si/NH3 Ratio Variation

Table 2-5 and Figure 2-13 show respectively, the experimental conditions and deposits ob-

tained in a series of runs in which the Si/NH3 ratio was increased to reduce the number of

polymerization conditions occurring prior to deposition. Runs CW-35 and CW-36 yielded

high density crystalline material while increases in the Si/NH3 ratio above 2. 64 led to

formation of an increasing number of granular and whisker containing deposits, reflecting

control of the deposition process through nucleation.

As could be anticipated, the mass deposited was inversely proportional to the Si/NH3 ratio

as shown In Figure 2-14. The significant effect of reactor geometry is clear in comparing

these results to those obtained in both HW-1 and HW-4, where Si/NH3 ratios above about

1. 5 led to amorphous or banded deposits.

Figure 2-15 is a SEM montage showing a variety of growth habits, varying from large

nodules containing crystalline relatively fine grain material as well as amorphous appearing

structures to large hexagonal pillars which appear to be single crystals. The spherical

appearance of most of the nodules suggests a liquid or semiliquid phase which may result

from rapid reduction of SiC14 in the hydrogen-rich gas medium and rapid nitridation be-

cause of high diffusion rates in the fluid phase. Other areas show large crystals that may

have nucleated at the surface and continued to grow largely from the vapor phase on specific

growth planes.

Figure 2-16 shows details of regions circled in Figure 2-15 at a higher magnification. In

particular, the left view contains web-like structures at intersections of various crystal

faces, suggestive of an intermediate that lost considerable volume through decomposition

after striking Its final resting place. The right view also shows features which suggest a

soft or liquid period prior to solidification.

At very low ammonia content and with helium dilution, formation of very fine whiskers

("sea urchins") predominated, suggesting that formation was primarily from the vapor phase

with little of the nodular growths seen at only slightly greater ammonia content (Run 38 vs.

Run 37). Figure 2-17 shows detail views of these whisker growths.
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2. 3. 3.4 Precursor Variation

Table 2-6 and Figures 2-18 and 2-19 show the results of experiments performed using less

fully chlorinated silane precursors, i. e., HSiC13 and H2 SiCl 2 instead of SiC14. Dichoro-

silane led to considerable gas phase nucleation at 1475 0 C and 1400 0 C, as shown in Figure

2-18, reflecting the low thermal stability of that species. At 1100 0 C, the deposit was smooth

and fine grained, but consisted mostly of elemental silicon. Trichlorosilane yielded a

striated laminar deposit of s lightly less than theoretical density and about half the strength

of the better deposits obtained with tetrachlorosilane (i. e. SiC14 ). The smoother, finer

structure shown in Figure 2-19 (CW-44) suggests that a lesser degree of polymerization may

have occurred, and that after identification of more appropriate stoichiometric ratios,

temperature and concentration, better control of grain structure could be achieved.

2.3.3.5 Dilution - Traverse Time

Figures 2-20 and 2-21 and Table 2-7 show the results of experiments designed to evaluate

the effect of reducing gas phase reactions, i. e., polymerization of imide intermediates.

As in the experiments with increasing gas velocity, reduction of concentration led to in-

creased whisker formation as shown in Runs CW-32-34 (Figure 2-20), under the same

conditions of temperature, pressure and flow rate.

With movement of the gas inlet nozzle from 3 cm to 5 cm above the deposition surface (see

Figure 2-3) the nature of the deposit changed considerably (as is seen in Figure 2-21). At

5 cm the deposit was considerably more crystalline that at 3 cm (Runs CW-30, CW-31).

As can be seen from Figure 2-3, such a move increases slightly the traverse time from

inlet nozzle to deposition plate, and owing to the wider area included in the deposition zone,

reduces gas velocity slightly. Although movement of the nozzle by only two centimeters

appears to be a very small change, its effect on concentration, gas velocity and residence

time in the hot boundary layer is evidently significant. In both runs, the gases were mixed

by placing a small piece of platinum foil inside the inner nozzle to force the ammonia into

the silicon tetrachloride stream at the nozzle.

2.3.3.6 Room Temperature Deposits

In order to obtain specimens of the intermediate compounds that form on mixing silicon

tetrachloride and ammonia vapors, the cold wall reactor was operated briefly with no power
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to the deposition substrate. The white powdery deposits that formed at three Si/N ratios

(0. 5, 1 and 2. 5) were collected, still attached to the substrates and protected from hydroly-

sis by storage in a sealed container containing anhydrous calcium sulfate (Drierite). Figure

2-22 shows deposits typical of Si/N ratios of 2.5 and 1. Note the similarity to vitreous

Si 3 N4 deposits in the appearance of rounded protuberances on the surface, and in the case of

the higher ammonia content, an almost glassy appearance. After exposure to laboratory

air for two days, there appeared to be a cracked, glassy layer over the deposit made at the

higher ammonia level.

Specimens of the deposits were used to obtain infrared spectra, using both the Nujol (mineral

oil) mull and potassium chloride pellet techniques. These are shown in Figures 2-23

through 2-30. Specimens were also used to obtain DTA/TGA curves up to 1000-1100 0 C, a

typical one of which is shown in Figure 2-31. All three Si/N ratios gave identical results

with respect to appearance of the endotherm and the percent weight loss. Interpretation of

the spectra is rendered somewhat difficult owing to the extreme reactivity of the intermedi-

ates toward moisture and the probability that they all contain absorbed ammonium chloride

and ammonia. A strong ammoniacal odor indicates that hydrolysis was probably occurring

during handling, and more rigorous techniques will have to be developed for future studies.

The TGA/DTA curves (Fig. 2-31) for all of the Si/NH3 ratios used were identical with

respect to the location of the endotherm (- 350oC) and percent weight loss (73-73. 5%).

While it may be coincidental, it is interesting to note that in the reaction:

SiCI4 2NH 3----Si(NH) 2 + 4HC1,

evolution of HC1 accounts for a weight loss of 71. 6%.

The spectra of the intermediates in Nujol (Fig. 2-23, 25, 27) and KCI (Fig. 2-24, 26, 28)

are similar since they are qualitative it is difficult to compare peak heights. However, most

of the peaks relate to NH 4 (1400 em - 1 ) and NH 3 (3400 cm - 1 ) groups, with a small peak in

one case at (869.6) cm - 1 that has been related to the Si-N stretching frequency (Ref. 2-4).

This is not present in all the specimens, probably due to hydrolysis on handling. It was

also missing from the spectrum of a specimen allowed to stand in air for two days before

examination (Fig. 2-29). Similarly, the residue from the TGA/DTA experiment (Fig. 2-31)
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shows a broad band in Figure 2-30 between 1050 and 1150 cm - 1 which is probably the Si-O

band, although a minor absorption peak remains at 800 cm - 1 indicating that some amorphous

Si 3 N4 may have been produced.

Heat treatment of the intermediate immediately after its deposition on the cold substrate was

not successful. The large volume of gas released caused the deposit to flake and curl,

losing contact with the substrate.

2.4 OBSERVATIONS

Installation of the additional viewing port at a 45-degree angle to the deposition surface en-

abled direct observations to be made of the cloud of particles present at the plate. In certain

instances it appeared that periodic pulsation was taking place while in other runs there was

random motion within the particle cloud. This turbulence could be responsible for the

banded appearance of some deposits although no correlations have been possible as yet.

A second observation, which is also related to gas flow concerns material deposited on the

edge of the plate, as shown in Figure 2-32. In nearly all cases where a dense, crystalline,

coherent deposit formed on the upper surface of the plate, a dividing line occurred on the

edge, indicative of a flow separation phenomenon. The deposit formed below the dividing

line was usually black, nodular and crystalline. As yet grain sizes for this type of material

have not been measured.

On the back side of the plate the deposits have usually been very thin and whisker-like, as

would be expected from the low mass flow rate there as well as a low ammonia level. The

whiskers, needles, etc. were often dark red and white. In a few instances, elemental sili-

con was found. This resulted probably from decomposition of the imide complex molecule

in the absence of nitrogen or ammonia. This had been found to occur in earlier studies

when recovered white intermediate material was heated to convert it to the stable nitride.

In the cold wall reactor, ammonium chloride, formed in the gas phase on decomposition of

the intermediates, settles out, in contrast to the situation in the hot wall furnace where it can

dissociate and remain available for further reaction.

2.5 DISCUSSION

The basic chemical reactions proposed to account for formation of silicon nitride from sili-

con tetrachloride and ammonia have been elucidated by Billy (Ref. 2-5) as well as Gelmser
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and Naumann (Ref. 2-6). The over all pattern is one of complex formation at low

temperature:

SiCL +6 NH - , SiC 4 * 6NH
4 3 4 3

SiC14. 6NH3 - SiCl4. 2NH3 +4NH3P

followed by deammination chlorine elimination and establishment of silicon nitrogen bonds:

SiC14 * 2 NH3----*-Si(NH) 2 + 4 HCl

This is followed by reaction of the intermediate to form chlorine containing intermediates:

2 Si(NH) 2 + NH24CI-- Si2N3 H2C

according to Billy, or formation of polymeric species:

6 [Si(NH)2]x  s 2 Si 3(NH)3N 2

3 [Si 2 (NH)N 2 ,

according to Glemser and Naumann. In both reaction sequences, higher polymeric species

have been postulated, with establishment of a three dimensional network of SiN tetrahedra.

Presumably, deposition of a - Si 3 N4 can result from any of these species, and it seems

logical that the larger the polymers, the larger the deposited grains.

A number of reaction mechanisms can be proposed, which reduce to deammination on striking

the substrate. The possibility of the polymeric species dissociating to Si + NH 3 followed

by nitriding has not been suggested, but the great instability and great variety of potential

species suggests that some may undergo such a reaction.

The w Lriety of growth habits occurring in a single deposit (Figure 2-15) suggests that

competing processes occur. One, for example, may generate intermediate species of a

sufficiently low molecular weight and order to constitute a liquid or semi-liquid phase

that results in a globular deposit that can be crystalline or amorphous depending on such

factors as temperature, ammonia, partial pressure, particle size and time for crystalliza-

tion before being trapped by succeeding material. At very low ammonia levels or with

inert gas dilution, on the other hand, growth from the vapor phase can predominate with
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formation of whiskers. This may depend on attachment of species of less than unit cell size,

containing both nitrogen and silicon, or deposition of silicon and immediate ammoniation.

These processes would be sensitive to stoichiometry concentration and time, with vapor-

liquid- solid (V-L-S) processes favored by high ammonia/silicon ratios, high concentrations

and long times. Whisker formation would be favored by the opposite conditions.

Most of the studies carried out have not discussed possible, high temperature competing

reactions, particularly in the presence of excess hydrogen, for example,

SiCi 4 +H ---- SiCl 2 + 2 HC1

SiCl2 + H2 -- Si ° + 2 HCl

Both of these can occur during deposition and are probably responsible for the higher deposi-

tion rates observed when hydrogen is used as the carrier. Neither strength nor grain size

of the material produced with and without hydrogen appears to be different, although crystal-

line deposits are less difficult to obtain in the absence of hydrogen. Thermodynamic

studies by Mellottee and Cochet (Ref 2-7) indicate that the use of argon and hydrogen as

a carrier gas in the system Si-N-H leads to deposition domains in which Si 3 N4 and Si are

codeposited. Use of nitrogen as the carrier requires considerably higher silane pressures

for this to occur, as shown in Figure 2-33. Earlier studies in this program have shown

that, with extreme care to prev(nt premature gas phase decomposition, silane-ammonia

mixtures lead to fine-grained crystalline Si 3 N4 . No intermediate complex formation

appears to be involved, and indeed, it has been shown that most of the silane is decomposed

prior to striking the deposition surface (Ref. 2-8). Formation of vitreous Si 3 N4 from

silane-ammonia may thus be the result of an imbalance between the rate of nitride formation

and the rate of crystal growth or crystallization.

SiCl4 + 2 H2---.Si + 4 HCI

SilB4  i Si + 2 H2

Si + NH 3--- amorph Si3 N4

amorph Si 3 N 4 -------- f- Si3 N4
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This sequence can be contrasted with that of the complex intermediate sequence in which

some tetrahedral bonding has already occurred prior to deposition.

Further stur'ies should be done on the influence of hydrogen content or partial pressure on

both deposition rate and grain size, since it is by no means certain that hydrogen is simply

a carrier in tilis reaction.

In addition to the influence of hydrogen as reagent/carrier, there is a definite indication that

another possible competing reaction is occuring, which results in formation of Si-O bonds.

In most of the CVD Si3N4 work reported on this program and elsewhere (Refs. 2-1, 2), it is

is clear that the color of the deposit and its oxygen content are related. It is not clear why

the addition of oxygen results in deposition of amorphous Si3N 4 instead of crystalline, other

parameters being the same. In related work in this laboratory, it has been found possible

to add a limited amount of oxygen in the ppm range and thereby achieve a white, crystalline,

relatively fine grain deposit, which appears to fall close to the amorphous/crystalline line

drawn by Niihara and Hirai (Ref. 2-9). It is quite possible that the amorphous/crystalline

boundary is located with respect to a given temperature and pressure only because the deposi-

tion system has a constant residual oxygen or water background. An increase in the back-

ground would result in deposition of amorphous material at a somewhat higher temperature.

Since the required oxygen level is low, variations can be anticipated until control is re-

established which may not be simple because of the ubiquitous nature of oxygen sources.

Kijima (Ref. 2-10), Lin (Ref. 2-11), Lindley et al (Ref. 2-12) and Messier et al (Ref. 2-13)

associated the presence of small quantities of 0 impurities with significant effects in forma-

tion of single crystals of Si3N4 from the vapor phase, and the rate of nitriding silicon powder.

Mitomo and co-workers (Ref. 2-14) go further and postulate that thermodynamically, the

incorporation of 0 in Si3N4 is inevitable. The conclusion has also been reached that the

presence of 0 enhances a-Si3N4 formation, while metallic impurities (e.g. Fe) favor #-Si3 N4 .

Since the use of high NH 3/Si ratios has been found to yield crystalline material more reliably,

the importance of stray oxygen in the deposition system may be related to the kinetics, and

therefore mass action of two competing reations:

(1) SiC14 + NH3 Si 3 N4 (cryst)

(2) SiCI 4 + NH3 +O (Si)Si4 N4 (amorph)J This can be represented schematically as shown in Figure 2-34.

2-12



Since both additives can be incorporated into the gas feed, it seems that the role of such

impurities must be clarified if a reliable understanding of the CVD process is to be gained.

For example, in a recent Si 3 N4 deposition run on a related program in this laboratory, a

positive identification of f-Si N was obtained, for the first time in a CVD process.

Some of the results presented earlier can be interpreted in the light of the foregoing discus-

sion, although lack of resolution of the roles of hydrogen and oxygen in the process renders

the interpretation speculative.

Formation of amorphous versus crystalline materials: a) as temperature is reduced or b)

as the gas inlet is moved closer to the substrate, can be interpreted to mean that the influ-

ence of 0 impurities is felt more at low rather than high deposition temperatures and at short

rather than long residence times. The latter point is more debatable, and comparisons of

runs in HW-1, HW-4 and CW are not possible in the absence of information regarding the 0

background of these reactors. However, the former point is somewhat better established

since, with deliberate additions of 0, amorphous material has been deposited at temperatures

as high as 15000 C in related work in this laboratory.

Reduction of concentration of intermediate species by limiting NH3 by diluting the gas or by

increasing velocity led to whisker formation rather than finer grain material, suggesting that

a change in nucleation mechanism rather than gas phase composition is necessary. This may

be able to be approached by the use of additives known to influence nitridation of silicon,

such as iron.

Experiments involving both the fluoride system and the chloride system with low hydrogen

content led to low deposition rates, without significant change in crystallite habit. Similarly

the widely different geometric and flow conditions of HW-1, HW-4 and CV produced similar

deposits, again suggesting that the required intervention in the deposition process must take

place at the nucleation step through the use of selected additives.

Results of experiments involving precursors other than tetrachlorosilane showed that the

trichloro compound may have some merit in that the early phases of the interaction (i.e.,

producing SiCl 4 ' 2NH 3 ) may not occur. However, if most of the action results from re-

actions involving SiC12 , there may be little difference. The only significantly different micro-

structure observed in this work resulted from a run using HSiC13 and this alone would merit
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further study. The dichlorosilane reacted more like silane in that gas phase decomposition

resulted in sooting reactions. Both reagents however may be useful as additives to

tetrachlorosilane to generate a mixture of species.
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TABLE 2-3. COLD WALL EXPERIMENTS - TEMPERATURE VARIATION

CONDITIONS: Si Cl4  -230 cc/min
NH3  - 68 cc/ruin
H2  =700 cc/muin

Total =998 cc/min

P 40 4torr

Si/NH3  =3.4

T DEPOST. RATE FLEX. STRENGTH DENSIJY
RUN NO. (-C) (mm/hr) (gm/hr) MPa (kpsi) (g/cm ) MORPH

CW-14 1400 1.07 2.32 21.10 (3.08) -Banded

10.07 (1.46)

CW-15 1425 1.32 1.94 18.62 (2.70) - Banded

28.27 (4.10)

CW-16 1450 1.67 2.25 219.74 (31.87) 3.08 Columnar, Brown

CW-18 1475 n.m. 2.21 - - --

CW-19 1500 1.98 2.54 238.97 (34.66) 3.21 Columnar, Brown

229.11 (33.23) 3.120
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TABLE 2-4. COLD WALL EXPERIMENTS - GAS FLOW RATE

T = 1475 0 C
P = 40 torr
Ratio = Si/NH 3 = 3.42
SiC1 4  = 82 cc/min
NH3  = 24 cc/min
He = Variable
H2  = 350 cc/min

FLOW RATE (ccm) DEP. RATE

RUN He TOTAL gm/hr MORPH.

CW-39 - 356 - Fine red needles (Si° back)

CW-43 500 856 - Very fine cryst.

CW-40 1000 1356 .501 Needles, single crystals.

CW-41 1500 1856 .101 Fine whisk., fuzz

CW-42* 125 178 0 No Deposit

L, 2-18



U'I *n Il -

ciCD '.

a CJ co'

0 --d .l * cc J Ifl

KL to j 00Co

0 C%J C14 %

Q: -oO cl
CL L Ll

H~ ~ c i n i

>~0 , i

00 J C CJ - r-

0 0C

0) 4i-)

Ln . O '. O to

V -

un %0 r, c

CV C ) J ) m~

2-19



C-1 v0

m co 4 ; C

CNII m I4 0

z1 -4 C) 0 D-

OD CDC m-U m

a) c qq*4~
I~ C) I I

o~co -4~eO

oc

00 CV3 1M eq

t-~ m. Le t- Le to

0- mq (3 0G 0 1- 0

0o 4 ~ o

E--4

00

V4 0 0r 5 ' 6)

ot
C4 0Q cC4

2-20



TABLE 2-7. COLD WALL EXPERIMENTS -MIXING DILUTION, LOCATION

A. FEED LOCATION, MIXING

SiC14 = 230 cc/min Si/N = 3.38
NH3  = 68 cc/min T = 14750C
H2 = 700 cc/min p = 40 Torr

I. 5 cm Nozzle - Plate + Mixing

DEP. RATE FLEX. STR. DENSITY THICK.
./hr MPa (kpsi) (g/cc) 'f(mm) MORPH

CW-30 1.891 267.24 (38-76) 3.16 1.04 Cryst.

254.49 (36.91) 3.19 1.09 Dark, con.

2. 3 cm Nozzle - Plate + Mixing

CW-31 2.645 27.03 (3.92) 1.17 Banded, vitr.

3. 3 cm Nozzle - Plate - No Mixing

CW-32 2.390 29.30 (4.25) .84 Banded
36.89 (5.35)

B. DILUTION:

FLOW RATE (ccm) DEP. RATE
RUN NO. SiC1 4  NH3  H2  He TOTAL g/hr

CW-32 230 68 700 - 998 2.390

CW-33 115 34 350 470 969 0.440

CW-34 82 24 250 605 961 0.482
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Figure 2-2. Cold Wall Reactor System (Top). Deposition Substrate Mount with Retracting

Attachment to Maintain Flatness (Bottom).
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Figure 2-3(B). Flow Conditions in Cold Wall Reactor.
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Figure 2-12. Whiskers and Ribbons Of Si 3 N4 Deposited with no Diluent and at Low Total
Flow Rate (Run 39 - 356 cc/min).
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View also Shows Regions with Less Definite Boundaries
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Figure 2-18. Deposits Obtained Using Dichiorosilane (1-I2SiCI2) -Ammonia Mixtures.

Top: Temperature =1475 0C; Bottomn Temperature =14000 C (left) and
11000 C (right).
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FIgure 2-19. Deposits obtained from Trichiorosilane-Ammonia Mixture at 147592.
Left: Si/N =3.8; Hight: Si/N 7.7.
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3 cm distance; Right: 5 cm distance.

2-46



40, iu

, 
V

cc
4'- a.

~ V Lu

C.,

w 0 0

CD,

2-47



25 30 A40 so 6 0 MICROMETER$ 80 10 16 20 25 so

too . l. . * ..

0

7-J

_ __ __ _ 'I
400 WVEUBRCM 250 20 100 60 (00 WVUM R(C Bo 60 40 C

200

06

4 L000 WAEUBl CM 1 2500 2000 (800 1600 (400 WAVENUMM. (CM go8o 600 A00 20'

Figure 2-24. Infrared Spectrum of Intermediates Obtained at Si/N 0.5 in KC1o.

243048.060 MCOETR . 0 6 2 s s



2.5 3.0 40 5.0 60 MICROMETERS 80 10 16 20 25 50

-7-

4020

2 30 0 50- 6CMRMTE3800162 5

4000 WAVENUMBER (CM ) 2500 2000 1800 1600 1400 WAVENUMBER (CM' bo0 800 400 2C

Figure 2-26. Infrared Spectrum of Intermediates Obtained at Si/N =1. 0 in KC1o.

2-4



25 30 40 s0 60 MIC8Z4MATER! 80 10 6 2 25 0

so -:7

20 '06 060 M--EE8 0046 2 5 5

7F F

"0 0n

4000 WAVINUMBIR 4CMA 1 2500 2000 1800 1600 1400 WAVENUMBER (CM) S00 600 400 200

Figure 2-28. Infrared Spectrum of Intermediates Obtained at SIN 2.5 in KC1o.

2-52

60 :i.7i - ---- V



2!5 30 40 50 60 MICROMETERS S0 10 16 20 25 50

V _________00

___r __ I~

z L

0 T

zI

40 A0BoA -

____ ____ ____ __4

2) _________________7_ _1 _______

2-5

(r
7rb



~9Q sof
HEA TINGO RA TE: 100 C/MIN

ATMOSPHERE: N2 (0.15 LITERS/MINI

70 TGA j4

700 wi

01

600 50

LU400
50 0

400 x.

200

-- t so - 6

'. /IC TiME(2.5 MM/MINI

Figure 2-31. Typical DTA/TGA Curve of Intermediate Compound.

2-52



800 um

5000 um
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SECTION 3.0

PHYSICAL PROPERTY CHARACTERIZATION

3.1 CHEMICAL PROPERTIES

3. 1. 1 Phase Identification

X-ray diffraction analyses (Ref. 3-i) show that crystalline deposits arc alpha silicon nitride

with varying degrees of preferred orientation both within (i.e., first versus last deposited

surface) and between deposits (deposition conditions alter growth morphology). Quantification

of the degree of preferred orientation has not been attempted as yet; this will be done during

the next contract period as data is gathered regarding the effects of texture on optical, micro-

wave and thermomechanical properties

During this contract period precision lattice parameters were measured on material from two

deposition runs in which extreme color variations were observed: translucent dark brown

and translucent frosty white. Previous work by Niihara and Hirai (Ref. 3-2) indicated that

white a -Si 3 N4 deposits had higher oxygen contents than darker deposits and that lattice

shrinking (and an associated reduced c - spacing) occurred with increasing oxygen contents.

The results of precision lattice parameter determinations on this program (described in

Appendix A) are summarized in Table 3-1. The data, which is in qualitative agreement with

Niihara and Hirai (Ref. 3-2), suggest that a solubility range exists for oxygen in the a -Si 3 N 4

lattice. As originally suggested by Wild et. al. (Ref. 3-3), a -Si 3 N 4 may in fact be an

oxynitride (substitutional solid solution) with an appropriate number of nitrogen and silicon

vacancies present to maintain electrical neutrality. It could thus be postulated, on the basis

of data in Table 3-1 that the observed color variations in a -Si 3 N4 originate from lattice de-

fects rather than from impurity absorption. It is noteworthy that color variations in AIN

have also been attributed to lattice defects originating from variations in oxygen content.

Similar to current observations on a -Si 3 N4 , the c-spacing of the AIN lattice decreases with

increasing oxygen content up to a solubility limit of approximately 1. 7 w/o oxygen (Ref. 3-4).

3.1.2 Phase Purity

Phase purity of a typical deposit was determined by emission spectroscopy, neutron activation

analysis and visible observation of ultraviolet light stimulated fluorescence. This data is
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summarized in Table 3-2 for a deposit which exhibited a color gradient along its length.

Color variations could be interpreted as originating from an oxygen, aluminum or copper

gradient. Research in progress strongly suggests that the oxygen impurity content directly

contributes to the observed color variations. Thus, the brown form of a -Si 3 N4 represents

the purest version synthesized on this program. It is interesting to note that it is precisely

this form of a-Si N which does not exhibit visible fluorescence when irradiated with mono-3 4
chromatic ultraviolet light (), 3360A).

3.2 ELECTRICAL PROPERTIES

3.2.1 Resistivity

The resistivity of a deposit which exhibited a color gradient along its length (same deposit

evaluated in Table 3-2) was determined using the direct current technique from near room

temperature to 1400'K. The resistivity data are plotted as a function of temperature and

color in Figures 3-1, 3-2 and 3-3. The data show that the room temperature resistivity

of a -Si 3 N4 is greater than 1014 ohm-cm regardless of color. Analyses of the data in terms

of a deduced intrinsic band gap and associated low temperature activation energy indicate

that a possible correlation exists with color (and oxygen content) of a deposit, as summarized

in Table 3-3. Correlations of this type have been found for amorphous silicon nitride films

(Ref. 3-5) where continuous changes in excess silicon and oxygen content were found to re-

suit in continuous changes in color and band gap of a deposit.

3.3 ELECTROMAGNETIC PROPERTIES

3. 3. 1 Visible and Infrared Band Pass

As mentioned previously, at least three colors of a-Si 3 N4 have been observed both within

(color gradient along a deposition plate) and between deposits. Figure 3-4 compares the

total transmittance (diffuse plus specular) of three a -Si 3 N4 deposits exhibiting distinct color

differenzes. The observed colors agree with expected absorption regions for incident white

light (c. g., green appearing material preferentially absorbs the red portion of incident white

light).
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Analyses of the ultraviolet absorption edges for each specimen, similar to the procedures

used by Buaer (Ref. 3-5), provided data for computation of their respective band gaps, as

shown in Figure 3-5. A comparison of band gaps calculated from optical data with that de-

termined from temperature - dependent resistivity data are summarized in Table 3-4 as a

function of color (and oxygen content).

Figures 3-6 and 3-7 show the specular (in-line) transmittance of amorphous and crystalline

silicon nitride. Also, shown in Figure 3-7 (as discrete points) are corresponding total

transmittance measurements which indicate the presence of scattering defects in the deposit.

Both amorphous and crystalling Si 3 N4 exhibit similar infrared cut-offs, however, amorphous

deposits show an absorption band near 3 microns which is attributed to N-H bonding in the

deposit.

Figure 3-8 shows the infrared specular transmittance of a Si 3 N4 as a function of temperature

up to 6070C. Only a slight shift in the infrared transmittance was found over the temperature

range typical for infrared homing tactical missiles. An assessment of the potential for

a-Si3 N4 as an imaging infrared window will be made on a subsequent planned program utiliz-

ing experimental birefringence data in an optical texture model for non-cubic crystals which

is being developed on a concurrent DARPA/ONR sponsored study (Ref. 3-6).

3.3.2 Microwave Band Pass

Under an earlier ONR-sponsored program (Ref. 3-1), it was discovered that the CVD form

of a -Si 3 N4 had an order of magnitude lower loss tangent than published hot pressed Si 3 N4

data (room temperature, 10 GHz). Microwave data has been extended to elevated temperature

and a range of frequencies under a recently completed AMMRC-sponsored program (Ref. 3-7).

Figure 3-9(A) shows this radar property data as a function of temperature and frequency.

The dielectric constant shows a slight temperature dependence up to 8000C but no frequency

dependence. Conversely, over this same temperature range, the loss tangents exhibit no

temperature dependence but a definite frequency dependence (loss tangent increases with

increasing frequency). It should be noted (as shown in Figure 3-9(B)) that the CVD form of

Si3 N4 has a slightly lower dielectric constant but a significantly lower loss tangent than hot-

pressed Si3 N4 at a given frequency (24 GHz). It is planned to extend this data up to the

vaporization point of SI 3 N4 on subsequent programs.
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3.4 MECHANICAL PROPERTIES

3.4.1 Summary

On the current and earlier program (Ref. 3-1) flexure properties of five different depositions

were determined on a total of forty-one specimens using both three- and four-point loading.

Flexure data was analyzed using Weibull statistics when warranted (specimen quantities of

10 or more). Four-point bend data was translated to a three-point basis using the method of

Davies (Ref. 3-8), as given by Equation (1) below:

a3-point (m + 2 ) 1
a 4-point 2 (1)

where m is the Weibull modulus (indicator of degree of dispersion, the higher the

value of "im", the more consistent is the material)

Equation (1) confirms experimental observations that generally higher strengths are observed

in three-point bending since the volume of material subjected to the maximum tensile stress

is very much less than that in a four bend specimen.

Tables 3-5 and 3-6 list room temperature flexure strength data on the stronger deposits made

both in the hot-wall (BW) and cold-wall (CW) reactors, respectively. As anticipated from

microstructural examinations of both types of deposits, similar flexure strengths were

obtained (- - 229 MPa vs. G - 240 MPa). In comparison, the mean three-point
3 -HW '3-HW

bend strengths for reaction-sintered Si 3 N4 (p = 2. 55 g/cc), reported by Evans (Ref. 3-9),

was approximately 275 MPa. Thus, it may be concluded that CVD a -Si 3 N4 , at its current

stage of development, has mean strength levels comparable to reaction-sintered Si 3 N4 .

Expanded descriptions of mechanical property data (including fracture toughness, hardness,

and fractography) on deposits synthesized in both the hot- and cold-wall reactors are given

in the following paragraphs.

3.4.2 Mechanical Properties: Hot Wall Reactor (HW-4-200 and - 202)

Figures 3-10 and 3-11 show the flexure stress-strain behavior for ten specimens from two

hot-wall reactor experiments (HW-4-200 and - 202) in which statistical data regarding the

consistency of CVD a -Si 3 N4 deposits was sought. Tables 3-7 and 3-8 list associated

moduli of rupture and elasticity and failure strain for each specimen tested. Figures 3-12
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and 3-13 are Weibull plots of the data showing a least-squares fit and corresponding Weibull

moduli for each group of specimens. These moduli (m2 0 2 = 8.14, m 2 0 2 = 13.31) are not

unlike those reported in the literature for reaction-sintered and hot pressed Si 3 N4 (Ref. 3-10).

Figure 3-14 is a three-dimensional picture of a typical microstructure observed in flexure

specimens in this hot-wall reactor series. The columnar growth pattern can be seen with an

angular offset of about 50 from normal. The surface showing a finer grain size is probably

associated with an earlier deposited plane (first deposited surface), however, this orientation

relationship was not recorded systematically during this series of flexure measurements.

Figures 3-15 and 3-16 show more extended areas of the top and bottom surfaces of two

flexure specimens which exhibited widely different flexure strengths. A comparison of the

grain structure of the tension side of each specimen clearly suggested the existence of a

strength: grain size correlation. Figure 3-17 is a plot of fracture strength versus the

square root of grain size showing the existence of a possible Hall-Petch correlation. Extra-

polation of this data to smaller gain sizes typical of hot pressed modifications (1-2 microns)

indicates that a strength potential of 1110 MPa (-161 kpsi) may be achieved through grain re-

finement during deposition. Figure 3-18 shows a typical fracture surface in this series

being basically a transgranular brittle fracture mechanism. A more extensive discussion

on the fractography of CVD a -S1 3 N4 is given below.

Fracture toughness measurements using the Evans/Charles identation method (Ref. 3-11)

were performed on selected flexure specimens representative of the mean and extreme values

of each deposition in this series. The identation method was calibrated in our laboratory

using hot-pressed Si 3 N4 (NC-132) as a standard. Tables 3-9 and 3-10 are computerized

displays of typical identification data taken on hot-pressed and CVD prepared Si 3 N4 . Vickers

diamond pyramid data is displayed at the bottom of each table and serves to identify the load-

independent hardness regime within which valid data is obtained. Four sets of crack extension

data are obtained for each ident. This data together with respective averages and standard

deviations are displayed in appropriately designated columns in each table. The fracture

toughness obtained on hot-pressed silicon nitride (NC-132) is typical of that reported in the

literature (Ref. 3-12). Additional fracture toughness data on four additional specimens in

this series are compiled in Appendix B. Analyses of fracture toughness data from deposit

HW-4-202 indicated a possible correlation between strength and toughness as summarized
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in Table 3-11. Also, an estimate of the critical flaw size responsible for failure was made

using the method of Bansal (Ref. 3-13) as shown by Equation (2) below:

a f =KIC/s (2)

where s = YVra7z

Y 2.0 for crack extension from a surface

Z = 9/2 for a semicircular crack

The critical flaw size estimated for Specimen HW-4-200-4 was 39 microns which correlates

with observed microcrack networks typical of hot-wall depositions. (See microstructures in

Figures 3-14, 3-15 and 3-16). Elimination or reduction in the size of these defects would

lead to significant strength improvements.

Characterization of the fracture surfaces of the CVD ot-Si3 N4 flexure bars in this series was

attempted using both optical and scanning electron microscopy (SEM).

The initial evaluation resulted in the optical fractographs shown in Figures 3-19 and 3-20.

Evidence of cleavage steps and cleavage step propagation is presented in Figure 3-19 for

the situations of the fracture path propagating across a twist boundary and across a tilt

boundary. A boundary is defined as a grain boundary or sub-grain boundary. Figure 3-20(A)

illustrates a group of intersecting parallel line features identified as Wallner lines; river

patterns are noted in Figure 3-20(B). All of these cleavage features indicate the presence

of an operative slip system at room temperature as suggested by recent hardness anisotropy

evaluations. (Ref. 3-14)

Examples of SEM fractographs are presented in Figures 3-18, 3-21 and 3-22. Cleavage is

the dominant fracture r. ode with a minor fraction possibly attributable to grain boundary

decohesion. The dominant fracture path is transgranular and the mixed fracture appearance

is due to imperfections (microcracks) and changes in crystal orientation. Crack initiation

sites were not identified due to the multiplicity of surface microcracks and the single crystal

nature of the ceramic body. The presence of critical-sized microcracks at the surface (and

internally) with the grain structure of single crystal columnar grains resulted in the lack of

definition of a singular crack origin for these specimens.
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3.4.3 Mechanical Properties: Hot Wall Reactor (HW-4-139)

The effects of color and temperature on the strength of CVD c -Si 3 N4 was explored on a

single deposit which exhibited a color gradient along its length. Two distinctly colored

regions were identified (green, brown) from which sufficient material was available for fab-

ricating flexure specimens. Table 3-12 summarizes the (4-point) flexure properties obtained

at three temperatures. Actual flexure stress-strain data in this series are given in Appendix

C. Figure 3-23 graphically illustrates the flexure strength as a function of temperature and

color. In general brown colored material was found to be stronger than green colored

material. Figures 3-24 and 3-25 show polished (A) and etched (B)* cross-sections of

respective flexure specimens. A finer columnar grain structure was found for the brown

material. Also, as previously, the oxygen content varies as a function of deposit color being

least for brown deposits. Additional evidence which correlates with strength variations arc

the fracture surfaces for brown and green material shown in Figures 3-26 and 3-27. The

brown deposits consistently exhibit a transgranular cleavage mode (compare Figure 3-26

with Figures 3-18 and 3-21). In contrast, green deposits (and also white deposits) exhibit

intergranular cleavage fracture characteristics, as shown in Figure 3-27. Similar to re-

action sintered Si 3 N4 (Ref. 3-10), CVD a-Si3 N4 exhibits slight decreases in strength at ele-

vated temperatures in contrast to the rapid decrease in strength of hot-pressed modifications

which utilize densification additives to achieve near theoretical densities. For example, a

1400C, CVD a -Si3 N4 deposits retain 76 percent of their room temperature strength com-

pared to only 33 percent for hot-pressed Si 3 N4 (Ref. 3-10). This strength retention char-

acteristic of CVD a -Si 3 N4 is important both in weapon system as well as commercial struc-

tural ceramic applications where supplemental mechanical or dynamic loading may be im-

posed in addition to thermal stress loading.

3.4.4 Mechanical Properties: Cold Wall Reactor (CW)

A total of eighteen three point flexure specimens from ten cold wall reactor experiments were

tested to determine if the current series of experiments developed microstructures leading

to improved mechanical properties. Table 3-13 summarizes the flexure strength data

*Appendix D details the results of study to develop suitable etchants for CVD a -Si 3 N4 .
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including some visual observations regarding morphology and associated deposition rates.

Deposits which exhibited a layered structure were considerably weaker than the more typical

homogeneous deposits. Both homogeneous brown and green colored deposits exhibited strength

levels comparable to hot wall reactor deposits. However the cold-wall reactor deposition

rates are significantly higher than those obtained in the hot wall reactor (factor of four).

Figures 3-28, 3-29, 3-30 and 3-31 are photomicrographs of CW 19 and CW 30 flexure bars

showing fracture surfaces and last deposited surfaces. The fracture morphology is not un-

like hot wall fracture surface details. Figures 3-32 and 3-33 show the fracture surface and

last deposited surface for a cold-wall deposition exhibiting the banding phenomenon. (Run

No. CW-32). Banded deposits exhibited an order of magnitude lower strength level than the

more typical homogeneous deposits. Although the strength levels of Run No. CW-44 were

low (but greater than banded deposits in this series) its non-columnar deposition morphology

(shown in Figure 3-34) indicated radically different growth kinetics of the type being sought

for developing a more equiaxed grain structure. It may be significant that a different silicon

precursor (HSiCI 3 ) was used in this experiment.

3.5 THERMAL PROPERTIES

3.5.1 Thermal Expansion

Table 3-14 compares dilatometric thermal expansion of CVD a -Si3N 4 with that determined

from temperature-dependent lattice parameter data. Good agreement between both test

methods was observed.

3.5.2 Thermal Diffusivity

Table 3-15 compares the thermal diffusivity of CVD a-Si3 N4 with that of other modifications.

The brown form of CVD o -Si 3 N4 (least oxygen impurity) exhibits the highest thermal dif-

fusivity of the various deposits evaluated including commercially available reaction sintered

and hot pressed Si 3 N4 . The CVD data shown in Table 3-15 is in general agreement with the

recent findings of Hirai (Ref. 3-16).
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TABLE 3-1. SUMMARY OF CRYSTAL LATTICE PARAMETERS FOR a-Si3 N4
AS A FUNCTION OF COLOR AND OXYGEN CONTENT

Oxygen Content* a c V

Sample Color (w/o) (A) (A) (A3 )

HW-4-128 Dark Brown 0.37 7.7646 5.6219 293.53

HW-4-129 Frosty White 1.07 7.7562 5. 6179 292.69

*Neutron Activation Analysis
**Cell Volume, V - a 2 c sin 120'
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TABLE 3-3. INTRINSIC BAND GAP AND ACTIVATION ENERGY AS A FUNCTION
OF DEPOSIT COLOR (AND OXYGEN CONTENT)

SPECIMEN DESIGNATION HW-4-139WI HW-4-139GI HW-4-139B5

Visual Color White Green Brown

Oxygen Content (w/o) 1.40 0.92 0.40

Band Gap (Eg) 4.9 eV 4.7 eV 4.3 eV

7,12500K) (10500K) (12500K)

Activation
Energy (E a) 0.83 eV 0.96 eV 1.12 eV

(588-10530K) (650-9500K) (688-8700K)
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TABLE 3-7. FLEXURE PROPERTIES OF DEPOSIT HW-4-200.

Flex. Strength Failure Strain Modulus
MPa (kpsi) (%) GPa (Mpsi)

HW-4-200- 3 239.73 (34.77) 0.06 394.52 (57.22)
& - 4 297.09 (43.09) 0.08 384.38 (55.75)

- 5 275.38 (39.94) 0.07 389.48 (56.49)

- 6 259.17 (37. 59) 0.07 367.97 (53.37)
- 7 263.38 (38.28) 0.07 377.28 (54.72)
- 8 266.07 (38.59) 0.07 362.53 (52.58)
- 9 211.81 (30.72) 0.06 339.43 (49.23)
-10 194.64 (28.23) 0.05 466.17 (58.91)
- 11 206.43 (29.94) 0.05 468.91 (60.01

HW-4-200-12 214.22 (31.07) 0.06 356.67 (51.73)

Mean 242.76 (35.21)* 0.07 379.21 (55.00)
StandardDtation 34.40 (4.99) 0.01 23.10 (3.35)Deviation

*Weibull Modulus 8.14

TABLE 3-8. FLEXURE PROPERTIES OF DEPOSIT HW-4-202

Flex. Strength Failure Strain Modulus
MPa (kpsi) (%) GPa (Mpsi)

HW-4-202- 1 188.78 (27.38) 0.05 394.45 (57.21)
2 256.42 (37.19) 0.06 406.17 (58.91)
3 220.36 (31.96) 0.06 365.90 (53.07)
4 232.28 (33.69) 0.06 368.32 (53.42)
5 219.25 (31.80) 0.05 406.86 (59.01)
6 218.49 (31.69) 0.05 479.32 (69.52)
7 211.19 (30.63) 0.06 364.73 (52.90)
8 249.73 (36.22) 0.07 365.35 (52.99)
9 213.94 (31.03) 0.06 358.80 (52.04)

HW-4-202-10 220.42 (31.97) 0.06 384.66 (55.79)

Mean 223.11 (32.36)* 0.06 389.48 (56.49)
StandardDation 19.31 (2.80) 0.01 36.27 (5.26)Deviation

*Weibull Modulus = 13.31
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TABLE 3-9. FRACTURE TOUGHNESS BY INDENTATION FOR HOT PRESSED

Si3N4 (NC-132).

ndent rnd.,tot In__liar-& -1.-L td v&Q. k--t N/m2 t ' 4 Av- -a
1 8.29 1739. 17.96 3.99 9.00 9.9 9.69 9.99 9.99
2 9.69 1674. 16.43 8.99 9. 08 8.00 9.9 9.9
3 1.99 1610. 15.66 9.99 9.99 9.98 9.90 9.99 9.96
4 1.59 1782. 16.79 5.94 4.59 0.99 6.40 6.1 S.41
5 1.58 109. 15.76 9.99 9.08 4.66 5.82 4.95 9.1e
6 1.58 1567. 15.56 5.02 4.62 4.72 5.31 4.92 9.31
7 2.80 1603. 16.868 9.98 9.89 0.08 9.90 0.99 0.00
a 2.98 1590. 1.68 4.98 6.93 4.98 6.61 5.13 9.32
9 2.98 176. 17.17 6.42 5.22 5.62 5.72 5.49 8.22
Is 2-58 1713, 10-IN 5.5O6,556 6-56 6.01 6-.07 8-221
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I

TABLE 3-10. FRACTURE TOUGHNESS BY INDENTATION FOR CVD
a-Si3 N4 (SPEC. NO. HW-4-200-4).

In" it .nden ntot Ia mor' In. 'Z.).___
-L.,,Ldks> *S-Ma,- - 2 3 4 Ax ,

1 9.36 3489. 33.35 9111.99 9.99 9.as 9.w 9.89 .89
2 9.96 3052. 29.93 9.88 0.80 8.09 9.88 0.80 8.98
3 9.96 3966. 38.99 9.99 9.99 8.98 9.89 9.98 9.98
4 9.19 2679. 26.25 2.63 2.31 1.62 3.26 2.45 0.66
s 9.19 2020. 25.69 3.9 2.42 2.42 2.96 2.79 8.32
6 9.19 2679. 28.23 2.73 2.31 2.92 2.53 2.62 9.26
7 9.29 2570. 25.30 2.78 2.58 2.13 3.69 2.62 0.71
6 9.29 2709. 26.67 3.9 2.39 3.96 2.99 2.67 8.32
9 9.28 233. 25.37 3.95 2.48 1.93 S.53 2.72 9.71

19 9. 5 2479. 24.31 3.45 1.81 3.37 1.66 2.57 9.97
I 9.59 2430. 23.63 2.63 2.66 2.47 3.43 2.8 9.43
12 8.598 2698. 25.57 2.73 1.39 2.96 2.73 2.46 9.72
IS 1.99 2146. 21.94 3.39 2.95 3.32 9.88 3.22 9.24
14 1.90 2356. 23.12 2.45 2.52 2.36 3.20 2.653 .36
1 1.9 2326. 22.81 2.44 3.99 2.61 2.56 2.93 9.66
16 1.59 2426. 23.81 2.63 3.47 3.39 3.32 3.16 9.37
17 I .58 218, 2t .42 3.49 2-1 2.34 4.29 3-232,9.

4088

208

*"2588 " :
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TABLE 3-13. FLEXURE STRENGTH OF SELECTED MONOLITHIC
COLD-WALL REACTOR DEPOSITS

FLEXURE STRENGTH DEP. RATE
RUN NO. MPa (kpsi) MORPHOLOGY (mm hr-1)

CW14-1 21.10 (3.06) Banded 1.07
-2 10.07 (1.46)

CW15-1 18.62 (2.70) Banded 1.32
-2 28.27 (4.10)

CW16 219.74 (31.87) Uniform-Brown 1.67

CWl9-1 238.97 (34.66) Uniform-Brown 1.88
-2 229.11 (33.23)

CW30-1 267.24 (38.76) Uni form-Brown 1.09
-2 254.49 (36.91)

CW31 27.03 (3.92) Banded 1.17

CW32-1 29.30 (4.25) Banded 1.44
-2 36.89 (5.35)

CW35-1 230.42 (33.42) Uniform-Green 0.84
-2 296.20 (42.96)

CW36-1 193.88 (28.12) Uniform-Green 0.99
-2 254.00 (36.84)

CW44-1 111.28 (16.14) Uniform-Brown 1.52
-2 107.49 (15.59) (Laminar)
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TABLE 3-15. COMPARISON OF THERMAL DIFFUSIVITY (CM2 /SEC) OF
REACTION -BONDED, HOT-PRESSED AND CVD at-SiAN

Temp NC-132 NC-350 _____HW-4-139 _____HW-4-166

(0c) HPSN RSSN Brown Green White Brown

312 0.070 0.043 0.085 0.067 0.052 0.110

830 0.040 0.023 0.041 0.035 0.029 0.050

1290 0.032 0.019 n. m n. m n. m n. m
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Figure 3-10. Flexure Stress-Strain Behavior of Several Specimens from Deposition
HW-4-200. Average MOB - 242.76 MPa (35.21 kpsi), Average Fracture
Strain = 0. 07%, Average Elastic Modulus = 379.21 GPa (55. 00 Mpsi).
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Figure 3-14. Typical Microstructure of CVD a -Si N
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SPECIMEN TILTED 450 TO
ELECTRON BEAM TENSION
SIDE AT BOTTOM.

SPECIMEN ALMOST NORMAL TO BEAM.
STHE DOMINANT FRACTURE MODE IS

74 ."CLEAVAGE. THE COLUMNAR NATURE
OF THE CVD-Si 3 N4 IS READILY

R. ~ APPARENT WTH MANY DISCRETE
SITES OF CONCHOIDAL FRACTURE.

IREGION A IS CONSIDERED A POS-
SIBLE FRACTURE INITIATION SITE
DUE TO THE RIVER PATTERNS LEADING
(IN GENERAL) TO THIS AREA, AND
THE SURFACE CRACKS AT THE TENSION
SIDE. (BOTTOM)

Figure 3-18. SEM Fractographs of Flexure

_Specimen HW-4-202-2
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\ OPTICAL FRACTOGRAPH
ILLUSTRATING CLEAVAGE STEPS
ENDING AT A TWIST BOUNDARY.
A TWIST BOUNDARY IS A GRAIN OR
SUBGRAIN BOUNDARY WITH
CLEAVAGE PLANES ROTATED ON AN
AXIS PREPENDICULAR TO THE
BOUNDARY. CLEAVAGE STEPS
USUALLY TERMINATE AT TWIST
BOUNDARIES.

20 um

b OPTICAL FRACTOGRAPH SHOWINGI ,, . " .: I CLEAVAGE STEP PROPAGATION
ACROSS TILT BOUNDARIES.

TILT BOUNDARIES ARE CLEAVAGE
PLANES ROTATED ON AN AXIS

PARALLEL TO THE BOUNDARY.
CLEAVAGE STEPS USUALLY4 PROPAGATE ACROSS TILT
BOUNDARIES.

Figure 3-19. Optical Fractographs of Flexure Specimen HW-4-202-11
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OPTICAL FRACTOGRAPH
ILLUSTRATING THE

CLEAVAGE FEATURE CALLED
WALLNER LINES, A GROUP

' " iOF INTERSECTING PARALLELr A LINES. WALLNER LINES ARE
_. THE RESULT OF INTERACTION

OF THE CRACK FRONT AND AN
ASSOCIATED ELASTIC SHOCK-

' ' WAVE.

(A)

OPTICAL FRACTOGRAPH

SHOWS RIVER PATTERNS
OF A CLEAVAGE FRACTURE.
THESE FEATURES CORRECTLY
INDICATE THE FRACTURE
DIRECTION IS TOWARDS
THE UPPER RIGHT CORNER,
WHICH IS THE COMPRESSION
SIDE OF THE SPECIMEN.

20 umn

(B)

Figure 3-20. Optical Fractographs of Flexure Specimen HW-4-202-10
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THE COMPRESSION SIDE OF

HW-4-202-10 ILLUSTRATING

CLEAVAGE STEPS AT A
TWIST BOUNDARY.

I.

DETAIL OF CLEAVAGE STEPS AT A
TWIST BOUNDARY. THE RIVER
PATTERN INDICATES THE FRACTURE
PROPAGATION IN A DIRECTION

N rTOWARDS THE COMPRESSION SIDE
OF THE SPECIMEN.

DETAIL OF CLEAVAGE STEPS.
NOTE CHIPPED EDGES PROBABLY
DUE TO FRACTURE SURFACES
RUBBING TOGETHER.

Figure 3-22. SEM Fractographs of Compression Side of Flexure Specimen HW-4-202-10
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Figure .3-28. P~hotomnicrograph Show~ing Tensle Stressed Surface of Flexure Specimen
C\V-19-2. Modulus of Rlupture =229. 11 NlPa (33.23 kpsi)
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Figure 3-30. Photomicriugraph Showing Tensile Stressed Surface of Flexure Specimen
CW-30-2. Modulus of Rupture = 254.49 MPa (36.91 kpsi)
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Figure 3-33. Photomicrograph Showing Tensile Stressed Surface of Flexure Specimen

CW-32-1. Modulus of Rupture =29.30 MPa (4.25 kpsi)
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Figure 3-34. Optical Fractograph of Flexure Specimen CW-44-1. Modulus of R~upture
111. 28 M Pa (16. 14 kpsi)
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SECTION 4.0

CONCLUSIONS

Experimental work during this contract phase has led to the followi ng conclusions:

1. Several processes have now been discovered for forming free-standing a -Si 3 N4 of
near theoretically density using both "hot-wall" and "cold-wall" reactors (e.g.,
hot-wall reactor runs HW-4-81, 128, 200 and 202, and, cold-wall reactor runs
CW-16, 19, 30, 35 and 36). Mechanical property measurements of these deposits
indicate average flexure strengths (3-point) in the 200 to 300 MPa range. These
strength levels may already be adequate for many close-in tactical missile applica-
tions.

2. Microstructural analyses of these deposits indicate strength is currently being
limited by the polycrystalline grain morphology (grain-size,- shape and-orientation)
and microcrack defect net-work within the bulk volume of deposits. Control of these
extrinsic variables could provide higher strength level (estimated to be in excess of
1000 MPa).

3. Electromagnetic property evaluations continue to reinforce original expectations
that the CVD form of silicon nitride may be useful as a multimode window with trans-
mittance band-passes in the ultrviolet, visible, infrared and microwave range.
Particularly noteworthy are the ultra-low absorption coefficients in the respective
band passes (compared to other forms of Si 3 N4), and also, the relative insensiti-
vity of these band-passes to elevated temperature effects.

4. Other physical properties of CVD a- Si 3 N4 (in addition to its mechanical and elec-
tromagnetic properties), such as its high electrical resistivity at elevated tempera-
tures, high microhardness, corrosive resistance, and good thermal shock behavior,
continue to suggest its utilization as a unique high-performance, structural ceramic.
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SECTION 5.0

RECOMMENDATIONS

Exploratory research during this contract phase has led to the following recommendations:

1. Processes identified in the hot-wall reactor should be further refined with em-
phasis on the formation of figured geometries (hemispherical and ogive shells).
As part of this effort, expermental studies should be initiated addressing the
development of low-cost cutting, grinding and polishing methods for preparing
such shapes.

2. Exploratory processing research should continue in the laboratory-scale cold-
wall reactor with the goal of developing microstructures leading to improvements
in strength, and also, transmittance properties in the optical and infrared pass-
bands (i.e., reduction of diffuse scattering). This work should emphasize the use
of precursors which will favorably alter the nucleation and grain growth kinetics
during deposition.

3. Physical property characterizations should be continued with the objectives of ex-
panding and "filling-in" gaps regarding the intrinsic properties of a -Si 3 N4 synthe-
sized by the chemical vapor deposition method.

I
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APPENDIX A

PRECISION LATTICE DETERMINATIONS ON BROWN AND WHITE -Si 3 N4

The samples analyzed were in the form of polished thin plates which had previously been

characterized in terms of their optical properties (Ref. 3-1). Some physical characteristics

of the two samples are listed below:

Sample Color Thickness Area (Approximate)

HW4-128 amber 0.010 in (0.25 mm) 0.75 inx 0.75 in (19 mm x 19 mm)

HW4-129 white 0.011 in (0.28 mm) 0.75 in x 0.75 in (19 mm x 19 mm)

Corners approximately 50 mm 2 were broken off of each plate. The broken corners were

pulverized in a clean steel mortar. The resulting powders were first passed over a magnet

to remove any steel particles resulting from pulverization and then passed through a 320

mesh sieve. Each of the (-)320 mesh a-Si3 N4 powders were then mixed with equal volumes

of (- )320 mesh, silicon powder (NBS-silicon standard). The silicon was added to each

sample as an internal standard which would later be used to permit us to make appropriate

corrections for thea-Si3N4 diffraction data in our determinations of precision lattice

parameters.

The powders, a-Si3 N4 plus Si, were packed into 0.3 mm P,0.01 rnm wall thickness,

Lindemann glass capillaries. Diffraction photographs were then obtained using vanadium

filtered chromium X-radiation in a 57.3 mm p powder diffraction camera. The positions, Q,

of the resulting X-ray diffraction lines on the diffraction photographs were very carefully

measured using a film measuring system with a resolution of 0. 05 mm. The film in the

powder camera was mounted in the asymmetric manner (Straurnanis method) and the camera

constant (K = degrees of 0/mm measured on film) for each film was determined from mea-

surements made on several pairs of forward and back diffraction lines. The two positions

Q8 0° and - 900 were determined (0 = Bragg diffraction angle) and the diffraction

A-1
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angles 0 were determined from the relation: 0 = K (9 -= 00). The interplanar (atomic

planes) separations, d, were determined for each of the diffraction lines between 0 = 00 to

0 = 900 using Bragg's law

d- X
2 sin 0

where X = Cr K. = 2.29092A

Corrections ina-Si3N4 d-values were then made using the following method.

From the d-values associateld with the silicon internal standards on each paragraph and a

knowledge of the precision lattice parameter of silicon, i.e., a0 (silicon) = 5.4301

from ASTM card 5-565, the correction A dsi for each silicon line was determined:

Adsi = d0s i - dmeasuredsi

2 2 2 - 12

where d0s i = a0 i + k + Q ) ,where h, k, 2 are the Miller indices for the family

of reflecting planes.

A least square linear fit for the values of Adsi versus f was then made where f is the Nelson

and Riley extrapolation function,

f1( cos 0 + cos

2 sinO 0

The equation for the least square fitted straight line was determined, its form was:

Ad = mf + b.

Using this relation, corrections for each a-Si3N4 d-value were made. Presented in Table

A-1 are the corrected d-values for the two a-Si3 N4 samples HW-4-128-1 and HW-4-129-2.

Included in Table A-1 for comparison, is the ASTM data from ASTM reference card 9-250

for c-Si N All calculations in our work were carried out using six significant figures.
3 4

Although the data in Table A-1 are shown to six significant figures they are probably no

more accurate than to five significant figures.
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'FABLE A-1. X-RAY DIFFIACTI1ON DATA FOR a-Si:3N4

ASTM 9-250 !IW-4-128-1 IIW-4-129-2

( 0,69 /00 niir 6. 3'773-

60 4,32 /0/ m, 4.30/'2 91

3b .3,i r / " 3. ?942b ?, s'53 '

30 337 .260 , 3.-55 W- 3.36742

9S1 Z 93 2o/ 2.177?44 20/ s 2. VY23

( 2 23 002

75 2.591 /02 -5 2. 5049 o 02 259/5

I/o 2.547 2/o ,5 2.5%670 210 5 2.53772

to 2. 320 ?// -M .30VS 2/ 9 2.2/1/1
S' 2h'3 /12

, 2.244 30o
30 2. lg ZZ 2./5 202 zw" 2./5"

5 ;, of?3 3o -7 2.07512 30 ' 1 2.S'4 7

2 I?37 2ZO
' i.?'4 2/2 ,t4fet , 5"y 2

S/? 4 3/0
/2. /ob 103 ur 19/.172 /03 ,tI,/ /0oos

25 /77/ ?// w 4.770/2 ?// l" 1. 76 Zog

2 1.7-/ 3o2

" 1.637 203
X, /.5'2 222 Pn / ,'51 222 On/ ~g
2 1.5, 2 3,2

, /. s42 2

y 07 2/? 6(r 50?44 s z. 502g?

76 / 4 321 ,S /,4g' 3. 3o7/ /4'0/7

55 1.437 303 M5 m . 44031 3o3 . ,456I

60 / 4/8 4./ /. 41?7o 4// *s 1

s'O 1,406 064 &r 1.407/2 ," 1w4r0*7

/2 I. 376 /04. ,/J, . /78./

75 A. _V/ 3. /,'5 22 322 6 /.'Ig'8

Z /343 50 114

50 1.32/ 41' /, 32/0 33 ,2 k Yo

3o F2?3 3 o ,, 1,2950o 330 2

A 1.269 420 r 1,26oo
/ , .3? 42?1 W /. 23?7 42 A1 77b

3o /"221 2/4- , /.2 9 9 7 214 -m o
,213 52 ____]___

51 u md , " 3: 4#r9 . eA-
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The values for a0 and c0 (hexagonal unit cell dimensions) were then

determined for the two a -Si 3 N 4 samples using the correctedd-values and

the relation for the hexagonal unit cell:

1 4 (h 2 +hk+k A

d 2 3a kZ)

Again, a least square determination was made. The method used is

outlined below.

A function S(x, y) is defined:

S (x, y)- Wi 1 fi(C) - fi(d) 2

i- I

where f.(d) = 2 (measured),
S d.2

I

f.(c) = a ix + Piy,
1

and W i = weighting function which we assumed to be unity since the
d-values we used were corrected values.

. (hZ + hk + k?)

i -£2 "

1

2

a0

1

Co
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For condition of least squares:

a S a S
x y

Hence, since
N(d

S(x,y) Wi - f(d)}
j= I

Then, from -S 0 and -S=0, we have,

2 (d)('r wi X) + (Ewi (X Yi  r -- wi X. f.d)

(TWi a.i )x + (EWiPi 2 ) y = i fiif(d)

A computer program was written for the solution of the above least square relations

in which one supplies d-values and h, k, 2 for any number of diffraction lines in the

hexagonal system and one then obtains values for x and y and hence obtains the lattice

parameters a0 and c 0 . The computer listing for this program (HEXLSQ) is presented

in Table A-2.

Twenty h kQ values from Table A-1 were selected to be run in our least square

determination of a 0 and co for each of our a-Si 3 N4 samples. The twenty lines

selected are shown in the h k 2 column between the two experimentally determined

d-values (for samples HW4-128-1 and HW4-128-2) in Table A-1. The computer read

out for this data is presented in Table A-3.
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TABLE A-2. COMPUTEIR LISTING OF LATTICE PAIRAMETEIR CODE

*OLD HEXLSO
*DELE 00371-00379
*RESAVE HEXLSO
DATA SAVED-HEXLSO
*LIST

00010 DIMENSION D(lO0),H( l00),EK( IOO),EL( 100),ALPHA(100),BETA(I00),F(Ior
00015 PRINTs"READ No. OF VALUES"
00016 READN
00025 PRINT:" READ D,I-,K,L, ONE SET AT A TIME"
00030 DO 3 1=1,M
Q0050 3 RFADD(I),H(I),EK(I),EL(I)
00110 SUMl-0.
00120 SUM2-0.
00130 SUM3=0.
00140 SUM4=0.
00145 SUM5=0.
00150 DO 1 J=I,N
00160 F(J)uI./(D(J)**2)
00170 ALPHA(J)=H(J)**2+H(J)*EK(J)+EK(J)**2
00175 ALPHA(J)=(4./3.)*ALPHA(J)
00180 1 BETA(J)=EL(J)**2
00190 DO) 2 I=I,N
00200 SUMI=SUMI+ALPHA(I )**2
00210 SUM2-SUM2+ALPHA(I )*BETA(I)
00220 SUM3-SUM3+BETA (I) **2
00230 SUM4=SUM4.ALPHA(I )*F( I)
00240 2 SUM5-SUM5+BETA(I)*F(I)
00250 DENOM=SUM 1*SUA3-SUM2*SIJM2
00320 X= (SUM4*SUM3-SUM2*SUM5 )/DE"JOM
00330 Y=(CSUMI *SUM5-SUM2*SUM4 )/DENOM
00340 PRINTtlX=",X
00345 PRINTi:"Y="l,Y
00350 AO=./SORT(X)
00360 PRINT11"AO=1,AO
00370 PRINTsl"CO=l", ./SoRT(Y)
00380 STOP
00390 END

*NEWU
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TABLE A-3. COMPUTER READOUT OF DATA

HW-4-128-1 IIW-4-129-1

*FRUN -*FRUN

READ NO. OF VALUES READ NJo. OF VALUES
=20 =-20
READ DHKL, ONE SET AT A TIME READ D,H,K,L, ONE SET AT A TIME

=2.8794492.90.91. =2.88623.2.,0.91.
=2.59049,l.,0.,2. =2.59152,4.,0.,2.
=2.5.3670,2.,I.,0. =2.53772,2.,l.,..
=2.30859,2.91.,ol. =2.31310.2.,)..).
=2.16151,2.,0. ,2. =2.15338,2...,2.
=2.07512,3.,0.,i. =2.08147,3.,0.,..
=I1.80192,1.,0. 3. -=4 .8 0059 91 ., 0. 93.
=1.77012,3., 1.91. =1.76702,3., 1.91.
=1.59651,2..2.,2o =1.59681,2.,2.,2.
=1.48336,3.,2..1. =1.48417,3.,2.,I.
=1.44031,3.,0.,13. =1.43651,.3.,O..3.
=1.41876,4., I., I =1.41786,4., 1..).
=1 .35122,3.,2. ,2. =1 .35184,3.,2. ,2.
=1 .32161 ,1.,).,.A. =1.32011,1., I.,4.
=1.32161,3.,1. .3. =1.32011.3., 1.9 3.
=1.30859,5.,0.,l . =1.30775,5.,0.,1.
=1.30108,4., I. ,2. =1.29903,4.,I.,2.
=1 .29500,3.,3.,0. =1 .29298,3.,3.,0.
-1.23957,4.,2.,1. =1.23790,4.,2..I.
=1.22997,2.,I.,4. =1.23006,2..,u,4.
X= 0.16586773E-01 X=. 0.16622570E-01
Y= 0.31639522E-01 Y= 0.31685348E-01
AO= 0.77645093E 01 AO= 0.77562341E 01
COm 0.562J9249E 01 CO= 0.56178581E 01
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APPENDIX B
COMPILATION OF FRACTURE TOUGHNESS

DATA ON FLEXURE SPECIMENS FROM
DEPOSITIONS HW-4-200 AND -202.



TABLE B-i. FRACTURE TOUGHNESS BY INDENTATION
FOR FLEXURE SPECIMEN HW-4-202-2.

r1 6.560 2314. 22.59 3.46 3.160 2.96 6.66 3.16 -627
2 8.56 2479. 24.31 6.9 6.66 2.55 3.72 I3.14 60.63
S 9.56 2496. 23.68 3.73 2.54 2.96 6.680 3.98 6.61

4 1.869 2164. 26.63 S.83 2.74 4.35 5.921 4.91 6.96
5 1.88 2294. 22.58 2.73 3.76 2.97 3.78 3.39 863

2509

2M6
1X8

8 9.5 I1.52
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TABLE B-2. FRACTURE TOUGHNESS BY IDENTATION
FOR FLEXURE SPECIMEN HW-4-202-1

1L. od' tt an--a -_4- -

La-ma ua~ 2 4 -A~
9.18 2629. 2S.52 2.38 2.63 2.12 9.99 2.6 8.48
8.9 2745. 26.92 2.61 2.61 3.8 3.27 2.99 8.23

, 9.18 2611. 27.56 2.26 2.13 2.71 .B98 2.36 8.31
4 9.28 2511. 22.6 2.91 3.85 2.61 3.42 3.95 9.27
5 8.28 2298. 21.6 2.69 2.81 2.69 3.68 2.9 8.73
a 3.283 2311. 22.66 2.68 18.98 2.29 S.29 2.75 9.58D
7 8.58 249. 23.63 2.61 2.64 2.68 3.77 2.96 8.56
6 9.68 2529. 24.6 2.16 2.62 2.69 3.1Q 2.76 8.44
a B.Se 2479. 24.31 2.62 2.56 3.28 9.99 2.68 8.34

18 1.9 2641. 25.98 2.69 2.64 2.S6 4.0 3.09 8.66
!1 1.89 2356. 23.12 3.21 2.71 1.69 3.91 2.56 8.68
12 1.9e 2342. 22.97 4.82 2.36 2.51 3.45 3.89 8.76
Is 1.58 2694. 27.79 2.92 3.26 8.99 3.58 3.25 0.32
14 1.59 2321. 22.76 3.62 3.16 8.99 3.89 3.27 8.32I E . ;B24 7 - S _ 4 -1t9 2 -S E 2 -14 2 -1 ! I i 7 9

Saw.

2M82M .

-2

S 8.5 1 1 .5 2



TABLE B-3. FRACTURE TOUGHNESS BY INDENTATION
FOR FLEXURE SPECIMEN H-W-4-202-10

Ermient Encant at Ion 1-n....
-.4 Ck-3 SgZg"Nnar - 2 4 A n
9 1.95 2646. 27.93 2.47 2.47 9.99 9.99 2.47 93.98

2 9.19 2679. 25.25 2.73 9.99 9.99 2.19 2.41 0.4S
3 8.19 5923. 29.64 2.67 2.29 2.29 9.99 2.42 9.22
4 9.19 5176. 51.16 2.71 5.98 2.76 9.99 2.6 9.29
5 9.29 2622. 25.71 5.28 3.97 3.15 3.15 3.1689.96
6 8.29 2799. 26.57 2.99 3.93 3.96 2.64 2.96 9.19
7 9.29 2421. 23.74 2.79 2.77 2.35 3.79 2.86 9.168
6 9.59 21681. 251.31 3.72 2.42 2.69 3.57 3.19 9.64
9 9.59 2279. 22.26 2.69 2.51 2.91 9.99 2.79 9.54

I9 9.59 2594. 24.55 2.55 2.49 2.67 5.73 2.68 9.59
it 1.99 2S29. 24.61 3.94 4.21 2.85 3.44 3.36 9.61
12 1.99 2459. 24.11 3.33 2.156 2.98 3.48 3.98 9.48
is 1.99 2248. 22.95 2.74 2.567 3.9 3.37 2.93 9.36
14 1.591 2556. 25.99 3.14 2.19 5.51 2.45 2.62 9.61
Li Jr3 I-So 242,12.2 2.a7 s9 I 4.i I a~± I 335 a.0

ma0e

51.
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TABLE B-4. FRACTURE TOUGHNESS BY INDENTAI ON
FOR FLEXU RE SPECIMEN IIW-4-200-3

c wtrammtat I ~ .an__ -.io Wm

1 9.36 3162. 31.31 9.99 9.9 a.9w 9.39 9.39 93
2 9.96 3612. 37.36 9.98 8.99 0.39 99 9.39 9.99
4 9.19 3912. 38.39 .8 9.99 8.39 9.9 8 9.30e.9 8.99
4 8.18 3345. 32.68 9.98 9.99 8.99 8.80 8.88 8.98
a 9.19 392. 23.64 2.79 2.31 2.75 3.38 2.77 9.41

4M8

x 2M6

IKS

* 156

3

Load Ckg>
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APPENDIX C
COMPILATION OF FLEXURE STRESS-STRAIN

DATA ON FLEXURE SPECIMENS
FROM DEPOSITION HW-4-139
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APPENDIX D
TRIAL MICROETCHING RESULTS

ON SELECTED Si3N4 SAMPLES



APPENDIX D

TRIAL MICROETCHING RESULTS ON SELECTED Si 3 N4 SAMPLES

D. 1 SUMMARY:

Fused salt and mixed acid etchants were used to attempt etching of Si 3 N4 samples.
The fused salt etchant selectively etched the voids and second phases present in the
microsection rather than the Si 3 N4 .

0
The mixed acid was most effective when operated at 300 C. The mixed acid was

selective with respect to color of the Si 3 N4 deposit, where significant microetchingwas observed for a white material, but a brown material was totally resistant to chemical

attack. *

D.2 RESULTS:

This report summarizes the results of microetching experiments on four Si 3 N4
specimens. Fused salt (NaOH + KOH + LiOH) and mixed acid (H2 SO4 + HF + NH 4 F)
etchants were used at various times and temperatures.

The fused salt etch caused random surface pitting with no resolution of the grain
structure and has been rejected for future use.

The mixed acid bath, used at low temperatures (100 0 C), etched the last deposit
side of 400-129 (white) arter 2-1/2 hours etch time, but the edge view (through-the-
thickness) required 13-1/2 hours etch time to produce a superficial etch. With mixed
acid etching conditions of 1/2 hour at - 300 0 C, specimen 400-129 (white) was micro-
etched sufficiently to observe grain structure and decorated grain faces. The mixed
acid bath was also used on specimen 400-128 (brown). Accumulated etching of 2
hours at 100 0 C plus 1-1/3 hours at - 200 0 C plus 1/2 hour at - 300 0 C produced no
microetching.

Table D-1, Trial Microetching Results, details the conditions for 15 microetching
experiments (and one as-received examination). Figure numbers are keyed to the
table.

*Note: Subsequent etching studies indicated vacuum annealing at 16000 C provided selective

vaporization of Si 3 N4 resulting in good decoration of grain boundaries.
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TABLE D-1

TRIAL MICROETCHING RESULTS

Specimen Treatment Result Figure No.

HW-1-66 As Received Examined using polarized light. D-1
Compared growth cones to micro-
cracking. Interfaces at growth
cones do not appear to be sites for
mic roc racking.

Flexure Specimen ,quick" Examined using bright and oblique D-2a, b

Spec. #3, polished on diamond, light, and Nomarski interference
HW-4-128 15 microns to 1/4 contrast. Heterogeneous grain size

micron. Etched in(1) with various residual machining marks.
7 parts H2SO4  Scratches show different hardness for
2 parts HF various grains, probably due to different
2 parts NH 4 F crystal orientation between grains (2).

Etched for 4 hrs. @
1000C.

Flexure Specimen repolished Etchant caused random pitting of surface D-3
Spec. #3, Etched in (3) with no resolution of grain structure
HW-4-128 4 parts NaOH

4 parts KOH
1 part LiOH

Etched for 20 min.
@ 180 0 C.

References

D-1 "Synthesis, Characterization, and Consolidation of Si 3 N4 Obtained from
Ammonolysis of SIC14 ", K.S. Mazdiyasni and C.M. Cooke, J. of American
Ceramic Society, December 1973.

D-2 "Structural Studies of Surface Deformation in MgO, SiC, and Si 3 N4 ", 0.0.
Adewoye, et. al., Cambridge Univ. (Report prepared for Army R&D Group
(Europe), Oct. 1974).

D-3 Personal Communication, C.D. Greskovich, GE-CRDC
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Specimen Treatment Result Figure No.

HW-4-166 Cut-off in low-speed Examined fracture surface at 200X D-4a, b
saw. Etch in Fused salts, and 800X. Surface features at 800X

4 parts NaOH were unetched. Polarized light
4 parts KOH showed a four-layered structure
1 part LiOH

Etch for 25 wins. @ 180 0 C

HW-4-128 As Received Specimen in metallographic mount. D-5a, b
Examined at 200X (bright field) and
240X (Nomarski intereference
contrast). Two "phase" features. no
grain structure.

HW-4-128 Etched in (Specimens removed from mount before D-6
7 parts H2 SO4 (9. 2pbw) etch). Two phase structure consisting
2 parts HF (2 pbw) of a) unetched matrix, b) heterogeneous
2 parts NH4 F (2 pbw) distribution of second "phase'

Etched 2 hrs. @ 100 0 C

HW-4-128 Etched in Specimen not examined
9. 2 pbw H2 SO4
2 pbw HF
2 pbw NH 4 F. HF

Etched for 1/2 hr. @
572F + 6F Measured,
412F Actual

HW-4-128 Etched in Two phase structure consisting of D-7
7 pbw H2 SO 4  a) unetched matrix, b) heterogeneous
2.2 pbw HF distribution of second "phase"
2 pbw NH 4 F. HF

Etched for 1/2 hr. @
572F + 6-3 Meas.,
412F Actual

HW-4-128 Etched in Same appearance at low mag. (240X) D-8
7 pbw H2 SO 4  as above. Examination at 900X showed
2.2 pbw HF two "phase" structure, no etching, but
2 pbw NH 4 F. HF several hexagonal etch pits were noted.

Etched for 23 mins.
@ 551F-654F Measured
443F Actual
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Specimen Treatment Result Figure no.

HW-4-128 Etched in same bath No weight loss. Examination D-9
comp. as above; showed two ,phase,, unetched
etched for 1/2 hr. @ structure
553F - 605F Actual

HW-4-129 Etched in (Specimens removed from mount D-10
35 cc H2 SO4  before etch). Last deposit side
10 cc HF shows v. slight etch; edge view
10 gm NH 4 F unetched

Etched for 1 hr. in
hot (1000C ?) acid

HW-4-129 Same etch, etched an Last deposit side etched showing D-11
additional 1-1/2 hrs. heterogeneous microstructure.
@ 201F Edge view. v. slight etch.

HW-4-129 Same etch; etched an Last deposit side heterogeneous D-12a, b
additional 3 hrs. grain size with decoration of grains

apparent. Edge view slight etch.

HW-4-129 Same etch; etched an Last deposit side unchanged. Edge D-13a, b
additional 4 hrs. view slight etch shows columnar +

islands of equi-axed grains; second
phase may be voids or etched out
phase.

HW-4-129 Same etch; etched an Last deposit side = located slight D-14
additional 4 hrs. etched area.

HW-4-129 Etched in Last deposit side Heterogeneous D-15
7 pbw H2 SO 4  grain size with terrace decoration
2.2 pbw HF of individ. grains. Weight loss =

2 pbw NH 4 F. HF .0001 g
Etched for 1/2 hr. @
585F - 573F Actual
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POLARIZED (90')

POLARIZED (45 )

4* POLARIZED (154)

• "*1. -."

Figure D-I. As-R1eceived Specimen of HW-i-66
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100 Urn

* 4

100 um

Figure D-2a. Flexure Specimen No. 3, Run HW-4-128. Etched 4 hrs. at 100 0 C, MixedAcids. Top, Bright Field; Bottom, Oblique Light
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'. v

150 um

Figure D-2b. Top, Nomarski Interference Contrast; Bottom, Nomarski Interference

Contrast With Monochromatic Filter
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4 I AP

Ir 1I
Figure D-3. Flexure Specimen No. 3, Hun HNV-4-128. Etched 20 min. at 180 0 C,

Fused Salts
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IOI

00 um

Figure D-4a. Fracture Surface Etched 25 mm. at 180 0 C, Fused Salts. Top,
Bright Field; Bottom, Polarized Light. Note Fine and Coarse
Structure With Four Layers in Polarized Light PhotoTicrograph.
Spec. HW-4-166
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Str0cure BrgtFed"pc No HW .4-16

D-OP

..

' IO

20 um

Figure D-4b. Top, Detail of "Fine" Structure, Bright Field. Bottom, Detail of "Coarse"
Structure, Bright Field. Spec. No. HW-4-166
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50 5um C'

Figure D-5a. Pre-etch Condition, Last Deposit. Bright Field; Bottom, Noniarski
Interference Contrast. Spec. No. IIW-4-128
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100 Um~
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V S

50 .um ~ .

Figure D-6. Etched 2 Hours at 1000 C, Mixed Acids. Top, Bright Field, Bottom,
Nomarski Interference Contrast. Spec. No. HW-4-128
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Figure D-7. 400-128. Additional Etch of I Hour (Total) at 412OF (211()C), Alixed Acids.
Nomarski Interference Contrast. Spec. No. HWX-4-128

4J *
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Figure D-9. After Addiional Etch of 1/2 Hr. t Mx f 00F 38C) iedAi
Nomrsi Itefernc CNtrJ.Se.N.H--2
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Figure D-11. Additional Etch of 1-1/2 Hrs. at 201OF (94 0 C), Mixed Acids.
Top, Last Deposit Surface; Bottom, Edge View. Nomarski Interference
Contrast. Spec. No. HW-4-129
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Figure D-12a. Additional Etch of 3 Hrs., Mixed Acids. Last Deposit Surface; Top,200X Bright Field; Bottom, Nomarskl Interference Contrast. Spec.
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Figure D-12b. Edge View; Top, Bright Field; Bottom Noniarski interference Contrast.

Spec. No. HW-4-129
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Figure D-15. Etched for 1/2 Hrs. at Maximum of 585°F (307°C), Mixed Acids.
Nomarski Interference Contrast. Spec. No. HW-4-129
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